Introduction {#section1-1177932218821362}
============

Studies suggest that around one-third of the proteins in a cell are in oligomeric state.^[@bibr1-1177932218821362]^ Protein oligomers have evolved because of their advantages over their monomers such as oligomers have more chances of allosteric control, form new active sites at subunit interfaces of oligomers, provide increase in local concentration of active sites as compared with monomers, have chances of retaining larger binding surfaces, and will also create economic ways to produce large protein interaction networks and molecular machines.

Three-dimensional (3D)-domain swapping is one of the mechanisms of protein oligomerisation. The 3D-domain-swapped oligomers form stronger interactions in comparison to side-by-side homologous oligomers.^[@bibr2-1177932218821362]^ The 3D-domain swapping is a mechanism of protein oligomer formation from monomeric units by exchanging their whole domains or small structural elements ([Figure 1](#fig1-1177932218821362){ref-type="fig"}). The monomeric subunits first undergo partial unfolding to form open conformations, and these open conformations then undergo domain swapping at high concentrations. First time in 1962, 3D-domain swapping was proposed as the mechanism of dimerization of RNase A.^[@bibr3-1177932218821362]^ In 1990, crystal structures of β2-crystallin^[@bibr4-1177932218821362]^ were solved and analyzed by Tom Blundell and Christine Slingsby groups, as a dimer at 2.1 Å resolution to show that the linker region between 2 domains is extended.

![Cartoon representation of 3D-domain swapping.](10.1177_1177932218821362-fig1){#fig1-1177932218821362}

This mechanism was first documented by Eisenberg and coworkers^[@bibr5-1177932218821362]^ in the structure of diphtheria toxin in 1994. There are reports of more than one domain swapping in a single protein, eg, RNase A dimers exhibit swapping in both the N- and C-terminal regions.^[@bibr3-1177932218821362]^ 3D-domain-swapped proteins have wide range of sizes and highly diverse sequences. Even the swapped domain can also be an entire tertiary domain consisting of hundreds of residues or small structural element like β-strand or α-helix. A flexible linker region, namely, "hinge," possesses intrinsic flexibility to facilitate 3D-domain-swapping process. The hinge region adopts different conformations in the monomer and in the domain-swapped oligomer. For example, the C-terminal β-strand of RNase A is exchanged in both the C-terminal-swapped dimer and the cyclic C-terminal-swapped trimer of RNase A. Hence, it is clear that the same hinge region adopts distinct conformations in the monomer, the C-terminal-swapped dimer, and the cyclic C-terminal-swapped trimer of RNase A, confirming the flexibility of hinge region.^[@bibr6-1177932218821362]^ The hinge region, which is not sufficiently long enough for the swapped domain to fold back to the core,^[@bibr7-1177932218821362]^ forms metastable and partially unfolded structures. These structures oligomerise to form domain-swapped oligomers.

There are many examples of 3D-domain-swapped proteins in plants, such as the light-harvesting complex of photosystem II,^[@bibr8-1177932218821362]^ bleomycin resistance,^[@bibr9-1177932218821362]^ and SET domain protein methyltransferase, involved in many diverse functions. Tulsi (*Ocimum tenuiflorum*, also referred as Holy basil) is a herbal plant that belongs to the genus *Ocimum L.* (Lamiaceae), which is also known as basil. This genus comprises 30 to 160 annual and perennial herbs and shrubs native to the tropical and subtropical regions of Asia, Africa, and America.^[@bibr10-1177932218821362]^ Holy basil is well known to be anti-stress agent.^[@bibr11-1177932218821362]^ There are many studies on the use of machine-learning approaches for the understanding of structure and function of these complex protein molecules. In this article, all the potential 3D-domain-swapped proteins are reported from the draft genome of Tulsi,^[@bibr12-1177932218821362]^ along with function elucidation of these proteins for their involvement in different stress tolerance. The positively predicted gene products are compared with Arabidopsis genome for homologues and in STIFDB database for their possible involvement in combating biotic and abiotic stresses in Arabidopsis.

Material and Methods {#section2-1177932218821362}
====================

Prediction of 3D-domain-swapped sequences of Tulsi {#section3-1177932218821362}
--------------------------------------------------

Using 439 sequence features of known examples of 3D-domain swapping, a Random Forest model was generated. Physicochemical features were extracted from AAINDEX database.^[@bibr13-1177932218821362]^ WEKA was consulted for the selection of best features.^[@bibr14-1177932218821362]^ The detailed methodology of prediction method is already discussed in the earlier paper.^[@bibr15-1177932218821362]^ This model was applied for the prediction of 3D-domain swapping to 36 768 proteins of *O tenuiflorum* (Ote). Prediction model was also applied to the whole genome of reviewed proteins from UniProt of *Arabidopsis thaliana* (Ath), *Solanum tuberosum* (Stu), *Solanum lycopersicum* (Sly), and *Medicago truncatula* (Mtr). In these genomes, *Ocimum* has maximum number of proteins (36 768) and *M. truncatula* has minimum (186) sequences.

Genome-wide and comparative analyses of predicted 3D-domain-swapping sequences of Ocimum and Arabidopsis {#section4-1177932218821362}
--------------------------------------------------------------------------------------------------------

Functional annotation of positively predicted sequences of *Ocimum* genome was performed by TRAPID,^[@bibr16-1177932218821362]^ an online tool for the functional and comparative analyses of high-throughput data. Functional annotation of all the positively predicted sequences of Tulsi genome was performed for their gene ontology (GO) term, protein family information, and protein domain associations.

A comparative analysis was also performed on the predicted sequences of *Ocimum* and *Arabidopsis*. Putative 3D-domain-swap predicted sequences (9419) from *Ocimum* were used for searching homologous sequences in different plant genomes. Those gene products, which were positively predicted for domain swapping in the draft genome of *O tenuiflorum*, were used as query against UniProt at *E*-value of 10 for assigning function to these sequences.

Domain-swap predicted sequences from *Arabidopsis* were checked for their involvement in abiotic stress, by using an in-house server STIFDB2.^[@bibr17-1177932218821362]^ Common protein sequences to domain swapping and stress were searched against the protein structure database. Some of the predicted sequences, which have homologues of known structure, were validated by manual visualization of these structures with the help of PyMol (<https://www.pymol.org/>), a molecular visualization tool.

Results {#section5-1177932218821362}
=======

Prediction of 3D-domain-swapped sequences of Tulsi {#section6-1177932218821362}
--------------------------------------------------

For this study, all the protein sequences (36 768) of *O tenuiflorum*^[@bibr12-1177932218821362]^ were used for the prediction of 3D-domain swapping by using the machine-learning approaches. For the sake of comparison, Random Forest model was applied on 5 plant genomes for the prediction of 3D-domain swapping. Prediction results range from a minimum of 25% in *O tenuiflorum* to a maximum of 64% in *A thaliana* for reviewed sequences from UniProt ([Table 1](#table1-1177932218821362){ref-type="table"}). Plant genomes used in this study are *A thaliana, M truncatula, S tuberosum*, and *S lycopersicum*, where the percentage of genes predicted to be involved in domain swapping is 64, 48, 52, and 43, respectively. In *O tenuiflorum*, the lowest percentage of predicted sequences is observed among all the plant genomes considered in this study.

###### 

Prediction result of 3D-domain swapping by RF approach on different plant genomes.

![](10.1177_1177932218821362-table1)

  S. No.   Genomes                  Total reviewed sequences   Positive prediction by RF
  -------- ------------------------ -------------------------- ---------------------------
  1        *Arabidopsis thaliana*   12 033                     7694 (64%)
  2        *Medicago truncatula*    186                        48 (26%)
  3        *Solanum tuberosum*      400                        208 (52%)
  4        *Solanum lycopersicum*   423                        183 (43%)
  5        *Ocimum tenuiflorum*     36 768                     9419 (25%)

Abbreviation: RF, Random Forest.

Genome-wide and comparative analysis of predicted 3D-domain sequences of O tenuiflorum and A thaliana {#section7-1177932218821362}
-----------------------------------------------------------------------------------------------------

A total of 9346 (25%) protein sequences of Tulsi proteome were predicted to be engaged in 3D-domain swapping. The average protein length of positively predicted sequences in this dataset is 520.2 bp. Out of 9346 positively predicted sequences of Tulsi genome, 9082 sequences have homologous sequence in other plant genomes with InterPro^[@bibr18-1177932218821362]^ gene family: 8027 of them retain GO term association and 8339 have protein domain association.

All the positively predicted 9346 sequences from Tulsi genome were searched against UniProt.^[@bibr19-1177932218821362]^ The distribution of homologous sequences in different organisms is plotted ([Figure 2](#fig2-1177932218821362){ref-type="fig"}). Out of 9346 predicted sequences, 9265 sequences have homologous sequences in UniProt. Within 9265 homologous sequences, 3213 sequences have the best homologue in *Arabidopsis*, on the basis of identity percentage and bits score. Among the *Arabidopsis* sequence homologues, 2522 of them are also predicted to be involved in 3D-domain swapping.

![Distribution of homologues of predicted 3D-domain-swapped proteins of Tulsi in different plant genomes.](10.1177_1177932218821362-fig2){#fig2-1177932218821362}

In the *Arabidopsis* genome, a total of 7694 (64%) protein sequences were predicted as 3D-domain swapping, out of 12 033 reviewed sequences from UniProt and 3029 (25.2%) proteins are associated with different stress conditions. Proteins, which are common to domain swapping and stress are 1158 (9.6%) in number ([Figure 3](#fig3-1177932218821362){ref-type="fig"}; [Supplemental Table 1](https://journals.sagepub.com/doi/suppl/10.1177/1177932218821362)). Out of 1158 protein sequences, predicted to be involved in 3D-domain swapping and also observed in abiotic stress, only 69 of them are observed to retain homologues of known structure.

![Venn diagram showing the number of common proteins to 3D-domain swapping and biotic and abiotic stresses in *A thaliana.*](10.1177_1177932218821362-fig3){#fig3-1177932218821362}

Few of the important examples of well-known cases of 3D-domain swapping in plants ([Table 2](#table2-1177932218821362){ref-type="table"}), and also found as predicted in Tulsi genome, are Bleomycin resistance protein (1BYL), serine/threonine phosphatase activity (3NMT), glyoxalase/bleomycin resistance protein (1TG5), dimerization domain protein binding (3C6N), and glyceraldehyde-3-phosphate dehydrogenase chloroplastic (3RVD).

###### 

Some of the plant protein crystal structures with 3D-domain swapping.

![](10.1177_1177932218821362-table2)

  S. No.   Monomer   Domain swap   Description
  -------- --------- ------------- ----------------------------------------------
  1        1GNU      1WZ3          Ubiquitin-like
  2        1G6J      1GJZ          Ubiquitin-like
  3        1KMZ      1XY7          Glyoxalase/bleomycin resistance
  4        1GQ9      1W77          Nucleotide-diphospho-sugar transferases
  5        1KL7      1E5X          Threonine synthatase
  6        1X91      1X8Z          Plant invertase/pectin methylesterase
  7        --        1Z84          Galactose-1-phosphate uridyltransferase-like
  8        --        1MLV          Ribulose-1,5 bisphosphate
  9        2A5V      1EKJ          Beta-carbonic anhydrase
  10       --        1L3A          Plant transcriptional regulator pbf-2
  11       --        3A8R          Respiratory burst NADPH oxidase
  12       --        1Z7W          Cysteine synthase
  13       --        2Q48          Protein AT5G48480
  14       --        2NTX          EMB\|CAB41934.1
  15       --        2AAO          Calcium-dependent protein kinase
  16       --        2Q4H          Nucleocapsid protein
  17       --        2066          PII protein
  18       --        1Z7Y          Cysteine synthase
  19       --        2PC5          DUTP pyrophosphate-like protein
  20       --        2P90          DUTP pyrophosphate-like protein
  21       --        1MLV          Serine/threonine-protein kinase 10
  22       --        2BHW          Chlorophyll a-b binding protein AB80

Bleomycin resistance protein is from Glyoxalase/Bleomycin resistance protein/dihydroxybiphenyl dioxygenase superfamily. It belongs to alpha and beta proteins class (α + β) of SCOP,^[@bibr20-1177932218821362]^ which has a *β-α-β* type of fold. There are 10 families in this superfamily. Three Pfam^[@bibr21-1177932218821362]^ protein domain families are associated with this superfamily: these are PF13669 (Glyoxalase_4), PF00903 (Glyoxalase), and PF06983 (3-dmu-9_3-mt).These entire protein domain families are from the same clan, ie, Glyoxalase clan (CL0104). This clan is known to have enzymes which catalyze isomerization, epimerization, oxidative cleavage of C--C bond, and nucleophilic substitution reactions. Bleomycin-resistant protein is of 14 kDa and consists of compact dimer with a hydrophobic interface involved in mutual chain exchange. The hinge region is of 3 residues (residue numbers 8V, 9P, and 10V). The hinge region and swapped domain are marked in red and green color, respectively. Another example of predicted protein engaged in 3D-domain swapping from Tulsi genome and also reported earlier to be involved in this phenomenon among plant homologues is glyceraldehyde-3-phosphate dehydrogenase (GAPA). In plants, there are 3 types of GAPA, namely, GAPA1, 2, and 3. GAPA1 helps in the reduction of 1,3-diphosphateglycerate by nicotinamide adenine dinucleotide phosphate (NADPH). The GAPA1 is of 396 residues long with a molecular mass of 42.4 kDa. These proteins belong to 2 Pfam families, ie, PF02800 (glyceraldehyde-3-phosphate dehydrogenase, C-terminal) and PF00044 (glyceraldehyde-3-phosphate dehydrogenase, NAD-binding domain).

Conclusions {#section8-1177932218821362}
===========

Nearly 25% of the protein sequences in Tulsi genome are predicted to be involved in the mechanism of 3D-domain swapping of protein oligomerization by Random Forest method. Nearly 98% of these predicted sequences have homologues in different plants, with majority in *A thaliana*. Functional annotations for almost 90% of the sequences could be assigned. The GO term associations could be performed for 8027 (85%) of Tulsi sequences predicted to be involved in domain swapping, and protein domain association could be observed for 8339 (89%) of them. Those sequences (85%), which have GO term associations, also have protein domain family associations from Pfam database. Some 1158 (12% of domain-swapped predicted) protein sequences are involved in both the phenomenon of 3D-domain swapping and in abiotic stress.

These sequences are involved in many diverse biological functions such as

1.  *Defense mechanism of plants against biotic stress*. Proteins involved in this mechanism help in the production of secondary metabolites, known as allelochemicals, which acts as plant defense against herbivores by changing the behavior, growth, or survival of herbivores.

2.  *Against abiotic stress like heat-shock, cold*. In case of abiotic stresses, there is production of a group of proteins called heat-shock proteins (Hsps) or stress-induced proteins. On the basis of molecular weight of these proteins, they are grouped into 5 classes in plants: (1) Hsp100, (2) Hsp90, (3) Hsp70, (4) Hsp60, and (5) small heat-shock proteins (sHsps). It is reported that because of this high diversification of these proteins in plants, they have an adaptation to tolerate the different stresses such as heat and cold stress.

3.  *Involved as transcription factors to regulate the function of many genes*. Transcription factors are proteins that regulate gene expression. These proteins bind to specific sites of gene and works as regulatory elements such as enhancer. Plants alter transcription and gene expression levels during development and in response to environmental conditions.

Some of the examples of the protein sequences involved in 3D-domain swapping and also involved in defense mechanism against biotic stress and transcription factors, as concluded in the above section, are listed in [Supplemental Table 2](https://journals.sagepub.com/doi/suppl/10.1177/1177932218821362).
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